INTRODUCTION
DNA replication is one of life's most ancient inventions. Control of this process with respect to the cell cycle is critical. Replication must occur at both the right time and to the proper degree for the survival of an organism. Moreover, with increases in the DNA content and transcriptional complexity of organisms, essential mechanisms evolved to package DNA, control condensation for mitosis, and regulate accessibility to transcription factors. In response to these critical needs, a host of factors have evolved. The ancient origin of these controls is highlighted by the conservation of the key players throughout Eukarya and Archaea (Tye, 2000) . Examples of these well-used players in control of DNA replication are the members of the prereplication complex (pre-RC). The pre-RC is defined as the set of factors required to license an origin for the initiation of DNA replication (Blow and Laskey, 1988) . The members of the pre-RC include ORC, MCM2-7, Cdc6, Cdt1, and Mcm10 (Lei and Tye, 2001 ). On activation and recruitment of additional factors, such as Cdc45, the pre-RC is converted to the preinitiation complex (pre-IC), which is the complex required for the transition to replication (Bell and Dutta, 2002; Wohlschlegel et al., 2002) .
Probably in part due to the evolutionary time that has passed and the increasing complexity of genomes, some of the functions of these proteins have been co-opted for use in other pathways. The prime example of this is the ORC complex whose ability to bind DNA and recruit other factors to DNA has been used for silencing in Saccharomyces cerevisiae and heterochromatin formation in Drosophila (Bell, 2002; Gerbi and Bielinsky, 2002) . Members of the pre-RC and pre-IC complex, in addition to ORC, are also emerging as multifunctional proteins. Cdc45 has been shown to be required for silencing in S. cerevisiae (Ehrenhofer-Murray et al., 1999) and Mcm2 interacts with Hbo1, a protein that is implicated in chromatin remodeling (Burke et al., 2001) . As more and more components of the pre-RC and pre-IC are implicated in chromatin remodeling, it becomes likely that these complexes as a whole, and their individual components, may have roles outside of DNA replication.
Mcm10 was first identified in S. cerevisiae as defective in S-phase progression (Solomon et al., 1992) and subsequently was shown to be defective in the maintenance of minichromosomes (Merchant et al., 1997) . Work on Mcm10 in S. cerevisiae has revealed that Mcm10 interacts with members of the pre-RC and is required for efficient initiation of DNA replication. Mutants of Mcm10 exhibit pausing of replication forks, suggesting a role for Mcm10 in elongation. Chromatin fractionation experiments show that Mcm10 is constitutively bound to chromatin (Homesley et al., 2000; Kawasaki et al., 2000) . Analysis in human has shown that Mcm10 interacts with Orc2, is phosphorylated, and is degraded by an ubiquitin-dependent pathway during the cell cycle (Izumi et al., 2000 (Izumi et al., , 2001 . Recent work in Xenopus demonstrates that Mcm10 is required for replication, is dependent on Mcm2-7 for association with the origin, and is necessary for recruitment of Cdc45 (Wohlschlegel et al., 2002 (Hutvagner and Zamore, 2002) . This depletion has consequences for the overall DNA content of the cell and has dire consequences with respect to chromosome condensation. We also present evidence that depletion of Cdc45, Mcm2, Mcm5, and Orc2, respectively, from tissue culture results in aberrant chromosome condensation. These findings lend credence to the argument that DNA replication and chromosome condensation are processes that are intimately linked.
MATERIALS AND METHODS

DNA Manipulations
Clones for MCM10 95-776aa and 1-776aa, ORC2, ORC4, ORC5, MCM2, MCM5, DOCK, and CDC45 were amplified from cDNA prep (gift from J. Mueller, Cornell University, Ithaca, NY) with GATEWAY attB1 and B2 sequences on 5Ј end of primers with or without stop codon, depending on downstream application. PCR products were cloned into pDONR201 per manufacturer's protocol. Entry vectors were incubated with destination vectors pDEST117 (N term 6HIS tag), and pTCgfp. Destination green fluorescent protein (GFP) vector (pTCgfp) was generated from existing pUC18 plasmid with dMT::GFP::dADH 3Ј(pRmHa3) inserted into EcoR1/HindIII. Plasmid was converted to destination vector by insertion of CassA between promoter and GFP by blunt-end ligation into blunted BamH1 between dMT and GFP. Incubation with MCM10 entry vectors resulted in C terminal in frame fusion of GFP.
Antibodies/Immunoblots
Rabbit polyclonal anti-Mcm10 was generated against purified 6His::Mcm10 aa 95-776 and affinity purified against 6His::Mcm10 aa 1-776. Antibodies used were anti-Dock (Clemens et al., 2000) ; antiMcm2, anti-Mcm5, and anti-Cdc45 (Loebel et al., 2000) ; anti-Dup (Whittaker et al., 2000) ; anti-Orc2 (Austin et al., 1999) ; anti-Orc1 (Chesnokov et al., 2001) ; anti-Hp1 (kind gift from M. Botchan); and anti-Lamin (Stuurman et al., 1996). Mcm10, Orc2, Mcm2, Mcm5 , and Cdc45 antibodies were used at 1:5000. Lamin, Dup, Orc1, Hp1, and Dock antibodies were used at 1:10,000. Embryo extracts were prepared in 1ϫ phosphate-buffered saline (PBS) ϩ 0.1% Trition X-100 ϩ 1 mM phenylmethylsulfonyl fluoride ϩ protease inhibitors (catalog no. 1697498; Roche Diagnostics, Indianapolis, IN) ϩ DNase, and RNase. Buffer ϩ embryos were frozen in liquid nitrogen then lysed by blending in a coffee grinder with dry ice. Lysate was spun at high speed for 20 min at 4°C. For KC cells, 1 ml of culture was spun down and washed two times in 1 ml of PBS, and 50 l of radioimmunoprecipitation assay buffer was added and vortexed for 20 s. Three times loading buffer was added to extracts before PAGE analysis. All polyacrylamide gels were 8% except for those probed for Hp1, which were 12%. All blocking and antibody incubations were in 5% nonfat milk.
RNAi
All RNAi procedures were carried out in six-well plates with culture volumes of 2 ml at a starting concentration of 1 ϫ 10 6 cells/ml. Specific double-stranded RNA (dsRNA) was added to a final concentration of 10 nM. RNA was generated using Megascript (catalog no. 1334; Ambion, Austin, TX) and protocols therein. Primers for generation of DNA templates all contained the T7 promoter at the 5Ј ends GAATTAATACGACTCACTATAGGGAGA. All amplifications were templated from entry vectors described above. Sequencespecific portions of primer pairs used in this study listed 5Ј-3Ј are as follows: CDC45, TCCCGACTGACGAACAAAACGAA and AAAA-GAAAGCGAGCCAACAGTCCA; MCM2, AAGGCGCCATGGAT-GCTACTACAC and TGCTCTCCATTTTCCCCACTTACG; MCM5, AGTGCCCGCTGGACCCCTTCT and GGCTCCACCCTCCACGA-CAA; MCM10, TCGAGAGGAGAGCGGGAAGC and TGGGCGT-TAAACTGGCATCAAAG;
ORC2, GGTTGGGAATGCAGTG-GAATCTCA and TACTGGGCGTTTTGGGCTCATCAT; and DOCK (Clemens et al., 2000) . 
Tissue
Complementation
Complementation analysis was carried out in strain DBY2063 in which MCM10 was replaced by the HisG URA3 cassette (Alani et al., 1987) and kept alive by pRS316URA3 containing ScMCM10. This strain was a gift from N. Douglas (Cornell University, Ithaca, NY).
Immunoprecipitation
Embryo extracts were prepared as described above. KC cells were harvested, washed two times in PBS, and extracted in the same manner as described for embryos. The resulting extract contained approximately 5 ml of 5 ϫ 10 6 cells/ml/0.5 ml of lysate and was treated with DNase. Antibodies were used at 1:500 dilutions for all immunoprecipitations in 0.5 ml of extract. A slurry (25 l) of magnetic beads coated in Protein A was used for all but anti-GFP where protein G beads were used (catalog nos. 100.02 and 100.04; Dynal Biotech, Lake Success, NY). Antibodies were incubated with extract for 2 h at 4°C after which beads were added and incubated for an additional 2 h. Beads were washed extensively in 1ϫ PBS, 0.1% Triton X-100. Protein was eluted by addition of loading buffer.
Metaphase Spreads
Two milliliters of KC cells at 3 ϫ 10 6 cells/ml in six-well culture dishes were incubated with 5 M colchicine for 1.5 h. Cells were spun down and washed two times in 1 ml of room temperature PBS followed by incubation in 1 ml of 0.5% sodium citrate for 10 min at room temperature. Cells were gently spun down and fixed in 1 ml of ice-cold 3:1 methanol/acetic acid for 5 min followed by rinse in another 1 ml of fixative. Cells were resuspended in a small volume of fixative and dropped from 0.5 m onto cleaned microscope slides and allowed to air dry completely. Preparations were mounted in VectaShield with 0.5 g/ml Hoechst and viewed within 12 h.
Microscopy
Metaphase spreads fluorescence microscopy was performed on a Nikon scope with 100ϫ objective and appropriate filters and captured to 8-bit images by charge-couple device camera. All images were uniformly adjusted for brightness and contrast using windows Adobe Photoshop 5.5.
RESULTS
Mcm10 Is a Conserved Protein
The Drosophila homolog of Mcm10 was first identified by Izumi et al., (2000) . The study used the predicted Drosophila Mcm10 to identify homologous human ESTs. The Drosophila Mcm10, known as CG9241, maps to the 2nd chromosome and cytologically to 39B1 (Flybase, 1999) . We took advantage of known EST sequences to design primers to amplify MCM10 from cDNA isolated from Drosophila ovary tissue. Sequencing of the resulting clone revealed that Drosophila Mcm10 is a 776 amino acid protein with a predicted molecular mass of 86.5 kDa. Overall, it shares similarity to Human (32.1%), Xenopus (30.5%), Arabidopsis thaliana (29.7%), Caenorhabditis elegans (26.2%), S. cerevisiae (24.1%), and Schizosaccharomyces pombe (23.1%). Alignments of the conserved regions of human, Xenopus, Drosophila, and S. cerevisiae reveal that Drosophila Mcm10 shares a conserved central core and a signature zinc finger motif ( Figure 1A ). In addition, there is a high degree of regional conservation between Mcm10 of Drosophila and higher eukaryotes that points to the fact that studies in Drosophila will have significant bearing on those in Xenopus and human.
Drosophila Mcm10 Complements ScMcm10
To assess whether Drosophila Mcm10 could functionally complement a S. cerevisiae null mutation, a Leuϩ plasmid containing Drosophila MCM10 driven by the endogenous yeast MCM10 promoter was transformed into a strain null for the chromosomal copy of MCM10 and kept alive by a Uraϩ plasmid containing ScMCM10. We then determined whether the strain could be rescued from 5-fluoroorotic acid (5-FOA) toxicity by the Leuϩ plasmid containing Drosophila MCM10. FOA toxicity allows the positive selection of cells that can no longer synthesize uracil (UraϪ) or have lost pRS316-URA3 ScMCM10. The results show that Drosophila Mcm10 is able to complement the null mutation for growth ( Figure 1B ). In addition, a fragment of Drosophila Mcm10 representing amino acids 96 -776 was also able to complement ScMcm10 (our unpublished data). These results are unexpected given the low overall sequence similarity between the homologues and the fact that HsMcm10 does not complement mutants mcm10-1 and mcm10-43 in S. cerevisiae or Cdc23-M36 in S. pombe (Izumi et al., 2000) . The fact that Drosophila Mcm10 can complement S. cerevisiae Mcm10 supports the conclusion that Drosophila Mcm10 is a true ortholog of S. cerevisiae, thus functional studies are likely to have significance for both species.
Mcm10 Interacts with Members of the Pre-RC
Mcm10 has been shown in yeast to interact with all members of the Mcm2-7 family except for the notable exception of Mcm5 (Merchant et al., 1997) . In addition, human Mcm10 interacts with Orc2 (Izumi et al., 2000) . To investigate which members of the pre-RC interact with Mcm10 in Drosophila coimmunoprecipitation experiments were performed. A stable KC cell line containing Mcm10::GFP was induced or not induced with Cu 2ϩ and cells were harvested, processed, and immunoprecipitated with anti-GFP. Interactions with Mcm10-GFP are detected with Mcm2, Orc2, and the endogenous Mcm10, consistent with the two-hybrid studies (Figure 2A ; our unpublished data). Also probed and shown positive for interactions are Dup, Cdc45, and Hp1 ( Figure  2A ). No interaction is detected with Mcm5, and Orc1. It could be argued that ectopic overexpression of Mcm10 could result in atypical interactions. Furthermore, positives could result from interaction with GFP. To address these concerns, immunoprecipitations were performed using antibodies to Cdc45, Dup, Mcm2, Orc2, Mcm5, Orc1, and Hp1, respectively, in embryo cell extracts. Similar to the coimmunoprecipitation results with Mcm10-GFP, in all but Mcm5 and Orc1, Mcm10 is detected ( Figure 2B ). The specificity of antibodies used was verified by Western blots of KC cell extracts ( Figure 2C ). Each antibody reacted with only the corresponding cognate protein antigen to yield a single reacting species with the exception of Mcm10-specific antibodies, which reacted with both the Mcm10::GFP fusion protein and the endogenous Mcm10p.
Mcm10 Is Depleted by RNAi
In the absence of a known Drosophila mutant for Mcm10, we used RNAi to determine the function of Mcm10 in Drosophila. RNAi involves addition of dsRNA specific to the mRNA sequence of the target gene. RNAi acts to deplete the mRNA of the target species. The result is that the protein of interest is specifically depleted from cells at a rate corresponding to the inherent stability of the protein (Hutvagner and Zamore, 2002) . RNAi has been demonstrated as an effective tool in Drosophila tissue culture for determining gene function (Clemens et al., 2000; Goto et al., 2001) . In this analysis, KC cells at low densities were inoculated with specific dsRNA and collected over a 5-d period for immunoblot analysis. Over the course of the experiment, cells grew from low to high densities. Low densities corresponded to cell cycle time of ϳ22 h, and the apparent cell cycle lengthens to 40ϩ h at high density as cells begin to exit into G0 (see next section; Figure  4A ). Mcm10, Cdc45, Mcm2, Mcm5, and Orc2 are all efficiently depleted from KC cells upon addition of specific dsRNA (Figure 3, A-E ). This depletion is not a general effect, because treatment with dsRNA specific to Dock (a protein with no known connection to DNA replication) is identical to untreated ( Figure 3F ).
Mcm10 and Ccd45 are particularly sensitive to RNAi treatments because both are depleted by 48 h and are undetectable by Western blot (Figure 3 , A and B, compared with F). The rapid depletion is indicative of either inherent instability of these proteins or regulation via proteolysis. Mcm2 and Mcm5 show depletion of the bulk of the protein by 48 h but both remain at low levels ( Figure 3 , C and D, compared with F). In contrast, Orc2 is slowly depleted over the time course compared with the others ( Figure 3E compared with F). This observation is supported by the fact that null mutants for Orc2 in Drosophila persist until third instar, presumably due to the stability of maternal deposits (Landis et al., 1997) .
Several interesting observations are apparent from these experiments. First, both Mcm10 and Cdc45 exhibit sensitivity to exit into G0 and/or increasing cell densities as shown by the fact that both are reduced in the nonspecific treatment ( Figure 3F ). This is in contrast to Mcm2, Mcm5, and Orc2, which all show increases correlating with increased cell densities and are seen to accumulate as cells exit into G0 and/or increase in density as measured over this time course ( Figure 3F ). These observations suggest that overall stability of Mcm10 and Cdc45 may be regulated as a function of the cell cycle, regulated in relation to cell densities, or a combination of both. On the other hand, overall stability of Mcm2, Mcm5, and Orc2 does not seem to be regulated with respect to the cell cycle and/or increased cell densities (Figure 3F) . The relatively short-lived Drosophila Mcm10 is consistent with observations reported for the human Mcm10. HsMcm10 protein levels are regulated by both phosphorylation-and ubiquitin-dependent proteolysis during late M and early G1 phase (Izumi et al., 2001) . In contrast, S. cerevisiae Mcm10 has been shown to be present at constant levels throughout the cell cycle (Homesley et al., 2000) .
Cell Cycle Length Is Unaffected by Depletion of Mcm10
At the outset, one would predict that depletion of proteins required for initiation of DNA replication would have dire consequences for cell growth. We assayed cell growth of KC cells treated with dsRNA specific to Mcm10, Orc2, and Dock compared with untreated. However, over the course of 6 d the growth of cells depleted of Orc2 and Mcm10 seemed unaffected. No significant deviation was noted from the Dock control or the untreated cells ( Figure 4A ). One could argue that because of the short time assayed and the fact that apparent cell division slows as cell density increases that one would not be able to detect a significant decrease in growth. To address this, we performed a more rigorous test. We diluted cells every 3 d to keep them at densities that allow logarithmic growth rate. Concurrently, cells were inoculated with specific dsRNA when diluted to ensure that translation of the specific genes did not recover from the initial RNAi treatment. Cell divisions were quantified and cumulative cell divisions calculated over an 18-d period. Cells well past depletion of any detectable Orc2 or Mcm10 divided at wildtype rates ( Figure 4B ). The same phenomenon was observed for depletion of Mcm2, Mcm5, and Cdc45, respectively (our unpublished data). 
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The fact that long-term depletion of Orc2 to Ͻ10% had no effect on cell division rates demanded further investigation into how Orc2 depletion was tolerated. Given that KC cells are aneuploidy (see below; Figure 6 , A-F), it seems reasonable that these cells could tolerate some degree of chromosome loss. Depletion of Orc2 that is involved in initiation of DNA replication and depletion of Mcm10 that has been shown in yeast to be required for initiation of DNA replication (Merchant et al., 1997) may have consequences for the DNA content of KC cells.
To investigate possible DNA content effects in Drosophila KC cells depleted of Orc2, Mcm10 (both positive regulators of DNA replication), and Dock, respectively, were analyzed by FACS. Cells were inoculated with specific dsRNA and maintained in the continual presence of dsRNA and harvested after 10 cell cycles. FACS analysis indicates that both Orc2-depleted and Mcm10-depleted cells show a loss of DNA content compared with Dock-depleted and untreated controls (Fig. 4C ). This suggests that depletion of Orc2 and Mcm10 both have consequences on the ability of cells to maintain DNA content that may result from decreases in the efficiency of DNA replication or chromosome stability.
Mcm10 Is Sensitive to Depletion of Mcm2 and Orc2
RNAi is specific to the target protein. However, because depletion of a particular protein does not occur in a vacuum but rather in a network of interactions, we wanted to examine Mcm10 stability in cells depleted of other proteins. KC cells were diluted in the presence of specific dsRNA for ϳ10 cell cycles. Cells were harvested, lysed, and whole cell extracts were loaded onto SDS-PAGE gels. Blots were then probed for Mcm10, Cdc45, Mcm2, Mcm5, Orc2, Dock, and lamin, respectively (Fig. 5 
Depletion of Mcm10 and Other Replication Proteins Results in Aberrant Chromosome Condensation
In Drosophila, there is growing evidence that establishment of proper chromosome condensation is linked to either DNA replication or specific components of the pre-RC. Mutations in Orc2, Orc5, Mcm4, PCNA, and Rfc4 have all been shown to arrest with an elevated percentage of metaphase figures and demonstrate chromosome condensation defects (Loupart et al., 2000; Dobie et al., 2001; Pflumm and Botchan, 2001) . Our ability to deplete members of the pre-RC by RNAi prompted us to investigate whether similar defects could be observed in KC cells. Furthermore, we were interested in finding out whether depletion of Mcm10 and Cdc45, both components of the pre-IC, may have similar effects on chromosome condensation. KC cells were again depleted Ͼ10 cell cycles of Mcm10, Cdc45, Mcm2, Mcm5, and Orc2, respectively. Cells were then treated with colchicine to enrich for metaphase figures, stained, and visualized. In all but the RNAi treatment for Dock and in untreated, defects are observed (Figure 6 , A-G). Chromosomal defects observed in depletions of Mcm10 ( Figure 6C ) and Cdc45 ( Figure 6D ) were classified into three categories corresponding to increases in the severity of lateral condensation defects, with I corresponding to the least severe and III the most severe. In addition to lateral condensation defects, chromosomes of cells depleted of Mcm2, Mcm5, and Orc2 seemed fragmented and were categorized with respect to increasing fragmentation, with IЈ being the least and IIIЈ being the most severe.
Depletion of Mcm10 and Cdc45, respectively, results in strikingly similar defects in chromosome morphology (Figure 6, C and D) . The condensation defects apparent in both depletions consist of similar "dumbbell" shaped chromosomes. Sister chromatid separation (see arrowheads) is observed in both treatments with a higher frequency observed in cells depleted of Cdc45. Chromosome fragmentation in Mcm10 and Cdc45 depletions is observed at levels no higher than that of wild type and is likely a consequence of specimen preparation. The fact that these defects are so similar combined with the findings that these two proteins have been shown to interact supports the supposition that these two proteins function in concert in the same pathway.
Depletion of Mcm2, Mcm5, and Orc2 results in a high degree of fragmentation in addition to lateral condensation defects suggestive of incomplete DNA synthesis and subsequent unchecked chromosome separation (Figure 6 , E-G). Mcm2 depletion demonstrates the most severe defect with no wild-type figures found and an overwhelming percentage in class IIIЈ, the most severe class. Sister chromatid separation is noted in all three treatments but is more prevalent in Mcm2-depleted cells. The small discrepancies between Mcm2 and Mcm5 depletions with respect to severity 
DISCUSSION
Mcm10: Pre-RC and Pre-IC
Biochemical and genetic evidence in S. cerevisiae and Xenopus laevis studies suggest that Mcm10 is a member of the pre-RC (Homesley et al., 2000) and is required for the pre-IC transition (Homesley et al., 2000; Wohlschlegel et al., 2002) . We report that Drosophila Mcm10 biochemically interacts with components of the pre-RC, including Mcm2, Orc2, and Dup, respectively, and with itself. These interactions further the argument that Mcm10 is present in the pre-RC before the transition to the pre-IC and that interaction of Mcm10 with its various partners may be mediated by a Mcm10 multimer (Lei and Tye, 2001 ).
We present the first evidence for an interaction between Mcm10 and Dup, the Drosophila homolog of Cdt1. This interaction is of particular interest in light of the observation that Cdt1 is required for loading of the MCM complex (Maiorano et al., 2000) and is a target for geminin regulation . These and other studies suggest that Cdt1 interacts with the ORC and MCM complexes. In this context, Mcm10 may be interacting directly with Dup or indirectly through ORC or the MCMs to facilitate steps in pre-RC assembly.
Mcm10 interaction with Cdc45 has been implied previously in Xenopus where it has been shown that Cdc45 requires Mcm10 for origin binding (Wohlschlegel et al., 2002) . In addition, it has been shown that S. cerevisiae Mcm10 genetically interacts with Cdc45 (Homesley et al., 2000) . The experiments presented herein extend the interaction between Cdc45 and Mcm10 to Drosophila and support the hypothesis that stabilization of Cdc45 binding to origins may occur via a direct or indirect interaction with Mcm10.
Mcm10 and Hp1
Heterochromatin protein 1 (Hp1) has been shown to interact with members of the ORC complex (Pak et al., 1997) . Interaction with Mcm10 suggests that, like Orc2, Mcm10 may be associated with heterochromatin to facilitate the role of Hp1 in heterochromatin formation, maintenance, transcriptional repression, or epigenetic inheritance (Eissenberg and Elgin, 2000) . An interaction between Mcm10 and Hp1 may point to a trend that more members of the pre-RC are involved in heterochromatin formation. Indeed, this process may be a fundamental function of prereplication proteins. The involvement of ORC in establishing silencing at the mating type loci in yeast has been pointed to as an analog to the function of ORC in establishment of heterochromatin in Drosophila (for review, see Bell, 2002) . In fact, the function of ORC in silencing and heterochromatin formation may be the most conserved aspect of ORC function. Drosophila Orc2, for example, is able to complement the silencing defect of a mutant Orc2 allele in yeast, but it is unable to complement the replication defect (Ehrenhofer-Murray et al., 1995) . In addition to ORC, Cdc45 and Mcm2 have been implicated in yeast to be involved in chromatin formation (for review, see Gerbi and Bielinsky, 2002) . The implication that Mcm10 is involved in formation of heterochromatin in Drosophila by virtue of an interaction with both Orc2 and Hp1 raises the tantalizing possibility that these dynamic properties of chromatin may require not only ORC function but also a number of other prereplication proteins as well.
Depletion of Pre-RC Proteins
We demonstrate that key members of the pre-RC and pre-IC are effectively and specifically depleted from KC cells by RNAi. Although deficiencies in DNA replication were not directly tested, replication must still be occurring at a level sufficient to maintain growth rates under long-term depletion of Mcm10 and Orc2. Precedence for this phenomenon has been reported in human HCT116 colon carcinoma cells where 10% of the wild-type level of Orc2 are sufficient to sustain normal chromosomal replication . Maintenance of DNA content at levels that permit cell viability may be due to these proteins being required in very small amounts combined with the hypothesis that few origins are required to replicate the genome (Campbell and Newlon, 1991) . Our results suggest that RNAi generates severe hypomorphs for protein depletions and not total depletion.
We have no explanation for the mechanism that selectively retains a complement of chromosomes that ensures viability as a result of reduced DNA replication. Precedence for ploidy effects by depletion of proteins by RNAi in Drosophila SD2 cells has recently been reported for both geminin and Dup (Mihaylov et al., 2002) . This study reports that depletion of geminin, a negative regulator of DNA replication, resulted in an increase in DNA content. On the other hand, depletion of Dup, a positive regulator of DNA replication, resulted in loss of DNA content. Defects in the growth of these cells were not reported.
We observed that protein levels of certain members of the pre-RC may be coupled. These observations could be due to at least three different factors or combinations of factors. First, depletion of one protein results in transcriptional repression of another either directly or indirectly. Second, some or all of these depletions result in cell cycle defects that have consequences for other proteins, although cell cycle length is unchanged (previous section). Finally, interactions between proteins are required for stability. In other words, proteins are stable in a complex but not individually. An example of this is the coupling of Cdt1 and geminin protein levels observed when geminin is depleted from tissue culture (Mihaylov et al., 2002) . The same study also demonstrated that depleting cyclin A results in a corresponding decrease in cyclin B protein levels. Another case of association-dependent stabilization is the destruction of Cdc6 when removed from chromatin and association with the pre-RC (Hua and Newport, 1998; Findeisen et al., 1999) .
Replication and Condensation?
This is the first report of a possible role for Mcm10, Mcm2, Mcm5, and Cdc45, respectively, in proper condensation of chromosomes. This study demonstrates the utility of RNAi in tissue culture cells for assaying chromosomal condensation defects. Indeed, it points the way to analysis of other known replication proteins for which mutants do not yet exist with respect to functions in condensation. An interesting point to consider is that the process of chromosome condensation may be more sensitive to the dosage of these proteins than is DNA replication, because cells remain viable over long-term depletion. These observations raise the intriguing possibility that the bulk of these proteins in cells may function in chromosome condensation pathways and not overtly participate in the initiation of DNA replication. Alternatively, the depletion of these proteins may simply reduce the number of initiation sites along the chromosome, resulting in fewer replication foci. This reduction in foci may have direct mechanistic consequences for condensation. A third possibility is that depletion of replication initiation factors in S phase may force cells to enter mitosis prematurely, resulting in aberrant chromosome condensation (Rao and Johnson, 1970) . Indeed, depletion of Cdt1/Dup protein first shown in S. pombe (Hofmann and Beach, 1994 ) and more recently shown in Drosophila (Whittaker et al., 2000) resulted in chromosome condensation without DNA replication and thereby bypassing S phase. We do not believe that the third possibility is a likely explanation because we did not observe a dramatic loss of cell viability or a change in cell cycle length as expected of mitosis without S phase. Determining whether these proteins are directly linked to condensation or are merely linked via DNA replication is a question that remains to be answered.
It is becoming increasingly clear that proteins involved in DNA replication are necessary for establishment of proper chromosomal condensation. There is some debate as to whether the defects observed are due to the specific functions of individual proteins (Loupart et al., 2000) or are a general function of compromised DNA replication (Pflumm and Botchan, 2001 ). The addition of Mcm10, Mcm2, Mcm5, and Cdc45 to the repertoire of replication proteins required for proper chromosomal condensation lends support to the hypothesis that DNA replication and condensation are generally linked.
What is the mechanism by which replication is linked to condensation? At the outset, it is intuitive that organization of chromatin would happen in concert with replication. Spatially and temporally separating the processes would seem to be both inefficient and problematic with respect to entanglement of DNA and nuclear organization. A simple mechanism for linkage of replication to condensation has been put forth that suggests that the density of replication initiation along a chromosome and the resulting DNA replication foci has impact, on a primary level, on the lateral condensation of a metaphase chromosome (Hearst et al., 1998) . This hypothesis fits very well with the "dumbbell" lateral condensation defects observed when replication proteins are depleted both in this study and the one presented by Pflumm et al. (Pflumm and Botchan, 2001) The simple mechanistic model probably has relevance to the linkage of condensation to DNA replication but may not provide a complete picture as to the role of pre-RC proteins in this process. There are several observations that speak to the possibility that the proteins of the pre-RC have roles outside of DNA replication. A comparison of two recent studies in yeast looking at global binding of prereplication complexes and global origin usage reveals that there are 30% less active origins compared with those predicted by binding of pre-RC proteins (Raghuraman et al., 2001; Wyrick et al., 2001) . These observations point to the fact that sites not used for initiation are occupied by members of the pre-RC, leaving open the possibility for some functional role for these assemblies in chromatin condensation.
CONCLUSION
We present evidence for the conservation of Mcm10 function from Drosophila to S. cerevisiae. We show that DmMcm10 interacts with known members of the pre-RC, consistent with a role in the assembly of the pre-RC in Drosophila. Moreover, we show that Mcm10 interacts with Cdc45, suggesting that DmMcm10 may also participate in the transition to the pre-IC. Further evidence for a role of Mcm10 in DNA replication comes out of the observation that depletion of Mcm10 by RNAi, similar to that of Orc2, resulted in a loss of DNA content. We have also shown that Mcm10 is required for proper chromosome condensation. This role may be facilitated by an interaction with Hp1.
